Introduction
In the context of severe accident management, assessment of the involved phenomena has been the main objective of several scientific research programs for more than thirty years. Important chemical reactions affecting directly or indirectly iodine chemistry, have been identified and are being studied in detail, so that their effects could be incorporated into accident analyses. A classification based on safety importance was established by EURSAFE [1, 2] . Among the severe accident phenomena recommended for further study, the understanding of iodine chemistry has been defined as a high priority issue [3] . The chemistry and the transport of iodine in different parts of the reactor during the core degradation, although extensively studied, is still the subject of numerous investigations. The experimental results obtained from the Phébus-FP programme, performed under Loss of Coolant Accident (LOCA) representative conditions, have highlighted major points regarding the behaviour of iodine in severe accident conditions [4] . In particular, the role of Silver-Indium-Cadmium (SIC) control rods in the limitation of the release of gaseous iodine has been suspected. In Phébus-FP, the gas fraction at the cold break varied significantly from one test to another. In the presence of boron carbide (B 4 C) as control rod material (i.e. the absence of SIC), approximately 85% of the iodine released into the containment was present in gaseous phase. In tests conducted with SIC control rods, this fraction did not exceed 2% [5, 6] . Section 4.5 of NUREG-1465 [7] stated that at least 95% of the iodine exiting the reactor coolant system is in the form of caesium iodide (CsI). However, it has been shown that interaction with other fission products or structural materials in the primary circuit can modify its composition and transport. Some elements, such as boron or molybdenum, can indirectly affect the transport of iodine by reacting with caesium and leading to the formation of volatile iodine, as it has been shown by previous work conducted at VTT [8] [9] [10] and at the "Institut de Radioprotection et de Sûreté Nucléaire" (IRSN) [11] . On the other hand, other elements, such as the SIC control rod materials can attenuate or delay the release of iodine, forming stable and less volatile iodine compounds, as assumed based on Phébus-FP tests [6] . In the Reactor Coolant System (RCS), the chemical reactions could happen in the gas stream or on the surfaces of the tube walls. While investigations concerning the first hypothesis were investigated at IRSN in the CHIP (Chemistry of Iodine in the Primary circuit) programme [12, 13] , the last point is being studied at VTT [9, 14] .
The SIC alloy composition is ∼80% silver, 15% indium and ∼5% cadmium by weight [15] . In the case of LOCA scenario, the coolant flow is reduced and therefore leads to uncovering the fuel rods. With the increase of temperature, fuel cladding starts to deteriorate and above 1000°C, the Zircaloy in the fuel cladding is oxidised by steam producing significant amount of hydrogen. Rising temperature and fission gas formation within the fuel pellets leads to increase of the pressure inside the fuel rods, which can lead to cladding rupture. The timing of silver, indium and cadmium release depends on the accident sequence [15] . In high-pressure accident sequence (small break LOCA or station black out), despite the release of silver, indium and cadmium vapours is expected to be smaller than during a low-pressure accident sequence [15] , the SIC materials can have more effect on the transport of fission products. In such scenario, the SIC rods would fail later in higher temperatures than in large break LOCA scenario, concurrently with the release of fission products. During the Phébus-FP tests, the (Ag-In-Cd) control rod clad rupture occurred at 1100-1400°C and the first significant control rod material release was detected [16] . Cadmium was the first SIC material released on failure of the control rod [16] in sudden bursts [17] . Afterwards, the release of silver and indium from the molten absorber was observed. Concurrently, volatile fission products release such iodine and caesium was noticed.
The experimental results from the integral Phébus-FP tests have been used for the validation of severe accident integral codes such as Accident Source Term Evaluation Code (ASTEC) developed by the IRSN [18] . ASTEC is structured in several modules allowing the modelling of the entire phenomenology of severe accidents except steam explosions. SOPHAEROS, module of the ASTEC [19] , computes chemistry and transport of the fission products in the PWR primary circuit and in the containment during a severe accident. The calculated iodine speciation in the RCS with SOPHAEROS/ASTEC v1.3, integrated in the degradation phase, for the four Phébus-FP tests showed that 12% (FPT-2) to 77% (FPT-1) of the iodine mass released in the RCS was cadmium iodide (CdI 2 ; CdI) [5] . Cadmium iodide (CdI 2 ) is very stable at low temperature and condensed before the RCS cold leg temperature (∼200°C) [20] . Tests conducted by Beard et al. [21] demonstrated the interaction between caesium iodide vapour and the control rod alloy aerosol in a Thermal Gradient Tube (TGT). The authors suggested that vapour of I 2 or CsI condensed onto the cadmium-based debris in gas phase, with subsequent reaction at the interface to form CdI 2 . Falcon experiments [22] , carried out in a flowing system, have also demonstrated the condensation/sorption of caesium and iodine onto the cadmium aerosols with an atmosphere containing 3% steam. The formation of the ternary caesium-cadmium-iodine compound Cs 2 CdI 4 has been postulated by several authors in the primary circuit from a reaction of CsI with Cd [23] [24] [25] .
Spence and Wright [26] noted, in their studies at temperatures below 950°C, that solid silver and vapour caesium iodide reacted together, forming relatively volatile silver iodide by a simple exchange reaction (1). However, Sallach et al. [27] found that caesium iodide vapour in argon was rather stable in the presence of silver at 770°C and 950°C. On the other hand, experiments pointed out a reactive behaviour concerning hydrogen iodide HI and molecular iodine I 2 towards solid silver forming silver iodide between 400°C and 660°C. It was reported that introduction of water vapour into the carrier gas had no measurable effect on the reaction rate. It can also be noted that the reaction between silver oxide and volatile iodine was found to be more efficient than that with metallic silver [28] .
The reactions between the aerosols formed by the control-rod materials (designed as M in the following balanced equation) and vapours, can be described [29] by:
The present work focused on determining the impact of reactions between simulant fission product (caesium iodide) and simulant control rod materials (cadmium or silver) taking place on the surface of primary circuit on the source-term. First, interactions of caesium iodide and cadmium were studied notably because of the observations from the Phébus-FP tests mentioned earlier in the introduction. Then, the interactions with silver were investigated, in response to previous studies indicating the major role that silver could play in the transport of fission products [30] . In addition, the work aimed at determining the effect of H 2 /H 2 O ratio in the gas phase on the transport and chemistry of iodine in RCS.
This article is organized as follows. Description of the experimental facility, presentation of the analytical methods and experimental matrix and procedure are given in the second section. In the first experimental section, the revaporisation of deposited/condensed precursor from the experimental facility will be discussed. In the fourth part, results obtained with cadmium are presented and discussed, and a similar section is dedicated to silver. In the final chapter, the results from all experiments are assembled for conclusions.
Material and methods

Facility description
All experiments were performed with the EXSI-PC facility, which is shown in Fig. 1 and was fully described in a previous paper [10] . An alumina or stainless steel crucible containing between 2 g and 11 g of precursor material(s) was located inside a stainless steel tube, which was heated using a horizontal tube furnace. The precursors chosen to simulate the fission product CsI and control-rod materials silver and cadmium were in the form of powder or grain (CsI 99.9 wt%, AgI 99 wt %, Cd with 3-6 mm grain size provided by SigmaAldrich®).
Because iodine exiting the reactor coolant system is composed of at least 95% caesium iodide [7] , CsI was the main subject of the study. As for the control-rod materials, silver and cadmium may be present in the RCS as metal (Ag and Cd), oxide (Ag 2 O and CdO) or as hydroxide (CdOH) [31, 28] . Metallic forms of the precursors were selected for this initial investigation for their stability and making the compounds safer to handle. The commercial powders used as reactants in this study do not mimic exactly the physical forms of the compounds deposited or condensed in the primary circuit in severe accident conditions. However, the first purpose of the present study is to define if interactions in the condensed phase could occur. In the case of positive conclusions, further studies will be performed and next step will be to perform tests from deposited/condensed caesium iodide and cadmium/silver. For reasons that will be explained further in the paper, two different tube furnaces were used for the cadmium experiments. Experiments conducted at 400°C were conducted with a 40 cm-length tube furnace and those at 650°C were performed with a 110 cm tube furnace. All the silver studies were performed with the shorter tube furnace. The outside diameter of the tube remained the same (2.8 cm), but the distance between the end of the crucible and the first flow diluter was changed (2 cm and 16.5 cm, respectively). The carrier gas, a mixture of argon, steam and hydrogen, was passed through the system at a flow rate of 3800 cm 3 /min once the target temperature was reached. The resulting aerosols and gases were cooled down in the furnace tube and in the dilution system.
The first diluter placed after the tube had the function to desaturate the flow and to prevent the condensation of vapours. Argon was used for this dilution and was previously heated up to the target temperature of the tube furnace. A second diluter was used to cool down the flow. The cooling flow passes through a porous wall structure preventing the retention of particles and vapours during the process. Argon at room temperature was used as dilution gas. Downstream the dilution system, reaction products were transported through a sampling furnace (125°C) along the main line with an approximate length of 50 cm. The sampling furnace contains three main sampling lines, each equipped with a polytetrafluoroethylene (PTFE) membrane filter (hydrophobic, poral grade 5.0 μm, 47 mm, Mitex®) and two liquid scrubbers made of glass assembled in series.
Distinctive features of cadmium experiments
For the experiments conducted with cadmium, a stainless steel plate (∼8 cm) was placed at the bottom of tube inside the furnace before the first diluter, characterised by a temperature gradient of about 100°C taking place inside the insulation of furnace outlet. This plate had not been pre-oxidized before the experiment.
Following Beard et al. [32] , the exit gas was passed through two solutions, the first consisting of 2 M nitric acid to remove cadmium and the second containing 0.1 M sodium hydroxide to trap iodine. In the experiments with CsI and Cd precursors, the filters were first leached with sodium hydroxide in order to avoid the iodide ion being oxidized in acidic solutions by atmospheric oxygen to free iodine, which would then be lost from the solution before analysis. After removing a sample for iodine and caesium analyses, the solution was acidified with nitric acid for the analysis of cadmium.
Analytical methods
The scrubber solutions and leachants from filters were analysed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The analyses were performed with a Thermo Fisher Scientific HR-ICP-MS Element2 apparatus.
Deposited compounds on the stainless steel plates and the aerosol filters were examined by X-ray diffraction, for the experiments performed with cadmium. The X-ray diffractogram was run from the samples using a Philips X'Pert MPD diffractometer and the powder method. In this method, crystalline compounds can be detected from the sample. The diffractograms were recorded using a Philips X'Pert MPD X-ray diffractometer and the powder method in the range 5 −70°2θ. The radiation used was graphite-monochromatised Cu-Kα radiation (λ = 0.1541 nm). The working conditions were 40 kV and 50 mA tube power. Identification of species was performed by comparison between recorded diffractograms with the International Center of Diffraction Data's powder diffraction file. The reference database used was PDF-4 + 2013. Depending on the fineness of the crystals present in the deposit, the X-ray diffraction method can only detect and identify compounds present in amounts exceeding about 5% of the deposit.
Raman micro-spectrometry was also applied on the sample analysed by XRD as a fingerprint method for species identification. However, not being the main analytical technique used for this work, Raman spectra were used mainly as a complement. The detailed interpretation of spectra was not straightforward and was not attempted in the present work. Raman micro-spectrometry was primarily used in order to distinguish between cadmium iodide and caesium iodide in small amounts of solid-state compounds. Raman spectra were obtained from a JobinYvon® (LABRAM HR) spectrometer. The Raman backscattering was excited at 632 nm. The spectral resolution of this instrument is ∼4/ cm and the spatial resolution was estimated to be ∼1 μm 
Experimental matrix and procedure
The absolute pressure in the facility was fixed at one bar. The gas flow rate was set at 3800 cm 3 /min under Normal Temperature and Pressure (NTP). Three different mixtures of argon, steam and hydrogen were applied ( Table 1 ). The H 2 /H 2 O ratio was in the low range of that expected in the RCS during a severe accident (typical values range from 0.1 to 10) [33] . Even though argon is not representative of the atmosphere during a severe accident, it was used as the main inert gas during the experiments in order to increase the flow rate through the furnace, keeping the steam mass flow rate low enough to avoid its condensation in the coldest parts of the facility. In order to free the reaction rate from influence of the flow rate, the flow rate in the reaction furnace was kept constant during the experiments. Keeping a constant flow rate also prevents from unwanted resuspension of the precursor or deposited particles. Dilution gas flow was fixed to 7000 cm 3 /min in the first diluter and to 28,000 cm 3 /min into the porous tube, creating a dilution ratio of 10.3 for the sampling line at 150°C. The volumetric flow was about 1400 cm 3 /min in the sampling line and about 7500 cm 3 /min in the online measurement line.
In the revaporisation studies by Bottomley et al. [34] , the temperature was chosen on the basis of observations made from the Phébus revaporisation testing. The residence time of the species in the transport zone (i.e. from the crucible down to the filter in the sampling line) was 1.3 s. This is quite short residence time by comparison to the residence times, which can be calculated in RCS down to the cold leg break in LOCA scenario (gas residence time of 2 to 6 s for instance for FPT0 and FPT1 [35] ). Consequently, it is expected that the deposition of aerosols by settling will not be an important phenomena in the present case.
This test showed that the revaporisation of caesium commenced at 550°C and was rapid until 750°C, and so the temperature was chosen to be in this range. As in previous studies conducted with the EXSI-PC facility, the reaction furnace temperature (650°C) was chosen so that it would be just above the melting point of caesium iodide (621°C) and close to the hot leg temperature (700°C) used in the Phébus FP experiments [4] . A lower temperature (400°C) was chosen to compare the solid/liquid reaction for the cadmium experiments. At both these temperatures, the metallic cadmium is molten (melting point = 321°C) but the silver is not (m.p. = 962°C). Table 1 presents the test conditions  of the eight cadmium experiments and Table 2 the test conditions of the six silver experiments reported in this paper. The parameters which were studied were the initial vaporised species, the carrier gas volume percentages, the crucible material and crucible temperature.
During the heating phase, a small flow of argon (200 cm 3 /min) was introduced into the furnace tube in order to maintain a neutral atmosphere above the crucible and thus limit oxidation of the metallic cadmium before the target temperature was reached. During this phase, the vaporisation of a small amount of cadmium cannot be excluded. The vaporisation of silver was less probable due to the low vapour pressure of silver (Table 3 ). The vapour pressure of silver calculated according to Clausius-Clapeyron formula at 650°C is indeed about 15 times lower than the one calculated for cadmium. In the case of caesium iodide, it has been shown [36] that at 580°C the caesium iodide powder sintered slowly, and was almost non-volatile under argon. However, it was shown that at temperatures close to the melting point (620°C), the whole amount of caesium iodide (0.5 g) vaporised in approximately 30 min under argon. Consequently, only from 620°C to 650°C, and during the stabilisation phase when carrier gas was passed over the crucible (20 min), some caesium iodide can be vaporised. This was probably also the case with silver iodide. The amount of material released during the heating phase was considered as negligible for CsI, AgI and Ag. However, it was measurable during heating the cadmium.
Once the target temperature was reached in the reaction furnace, the mixture of carrier gas was introduced. In previous studies [9] , it has been shown that the system was approaching a steady-state temperature profile after 20 min. The first sampling was then carried out. Different approaches were used for the sampling process. For the cadmium experiments conducted at 400°C, and for all silver experiments, the different atmospheres were successively studied with the sampling lines of the EXSI-PC facility following the procedure used in the previous studies with this facility [9] . However, because of the possible reduction of cadmium iodide (CdI 2 ) to metallic cadmium and the formation of hydrogen iodide according to reaction (3) when heated with hydrogen [37] , it was decided to work differently during the cadmium experiments at 650°C.
Changing the atmosphere between samplings presented another disadvantage. The deposited material (following CsI heating) when changing the atmosphere composition (from Ar/H 2 O to Ar/H 2 O/ H 2 (10%)) at 650°C can lead to the revaporisation of species. An assessment of these possible processes involved in the EXSI-PC facility when changing the atmosphere composition has been conducted. The Table 2 Experimental matrix and test conditions of the experiments studying silver influence on iodine chemistry and transport in the RCS reported in this paper. experiments were performed in order to underline possible effects of revaporisation in the EXSI-PC facility when the carrier gas composition was changed. The results are presented in the following section.
Investigation on possible revaporisation in the experimental facility
After heating caesium iodide precursor at 650°C under an Ar/H 2 O gas flow during 121 min (experiments REVAP-1 and REVAP-2, see Table 4 ), the flow was stopped and temperature decreased to room temperature to remove the crucible from the stainless steel tube. The facility was not leached. Following the previous study [9] , more oxidizing conditions were used first in the experiments. In addition, the experiment follows the scenario of the accident sequence described in the introduction, where a steam phase is followed by the release of hydrogen.
The second part of the experiment consisted of heating the furnace once again at 650°C, this time under:
(1) Argon/steam/hydrogen gas flow (carrier gas conditions Ar/H 2 O/ H 2 (10%) -experiment REVAP-1b); (2) Argon/steam gas flow (carrier gas conditions Ar/H 2 O -experiment REVAP-2b).
The heating of the facility without any precursor at 650°C produced a notable concentration of particles (4•4.10 +8 to 1.9•10 +9 1/cm 3 ) ( Table 4) .
TEOM results showed the presence of particles during the second part of the experiment, meaning that there was a release of elements from the walls. For two samplings, the mass concentration of particles was higher when the second stage of the experiment was carried out under the carrier gas conditions Ar/H 2 O (Table 4 ). Experiments named "blank" corresponded with the recorded data from the heating of the facility at 650°C under the different carrier gases without any precursor. REVAP-1 and REVAP-2 were carried out in the same conditions. Differences in the values concerning aerosol concentrations did not exceed 20% between the two experiments. However, the difference was significant concerning gaseous iodine. Heating the facility with an Ar/ H 2 O/H 2 flow led to the revaporisation of iodine and caesium. However, it was more difficult to reach conclusions regarding the results from the Ar/H 2 O revaporisation test ( 3 by TEOM compared to 4 to 2 mg/m 3 by ICP-MS) due to the limit of detection of ICP-MS. Moreover, the results of previous experiments allowed us to estimate that facility effects and analysis uncertainty can explain a maximal difference of 20% between the "online measurements line" and the "sampling lines". Consequently, it can be assumed that either the generated particles, in that condition, were not stable in alkaline solution, or solubilisation of the filters in alkaline solution was poorly carried out, or a mismeasurement occurred in ICP-MS (Table 4) . As a conclusion, it was showed that deposited material (following caesium iodide vaporisation) when changing the atmosphere composition (from Ar/H 2 O to Ar/H 2 O/H 2 ) at 650°C led to the revaporisation of about 7 to 9% of aerosols and up to 35% of the total gaseous iodine. It would be expected that lower revaporisation processes occur at 400°C. However, this effect is not excluded and must be taken into account in the data processing.
Based on the time needed (15 min) to measure an increase of particle concentration with the online measurement devices after the flow rate was switched on led to the conclusion that the measured particles and gas after these experiments were due to revaporisation processes and not resuspension processes. Additionally, the immediate increase in the particle concentration after the flow was turned on, as observed for example by Hontañón et al. [38] , was not detected.
Results of the study on cadmium
In order to make all the measured data comparable (from the three main sampling lines and online measurement line), all the mass concentrations expressed in this paper were reported to the corresponding values inside the reaction furnace. They were systematically corrected by the dilution factor. Consequently, it is important to keep in mind that these results represent the minimal values of the amounts of gases and aerosols that were released from the crucible. The calculation did not take into account all the material condensed or deposited on the way from the crucible to the sampling lines. Table 5 shows the mass concentrations of the reaction products, calculated from the aerosol filter and bubbling bottle ICP-MS data.
The first experiments with caesium iodide (CsI-1 & CsI-2) were used as a blank to determine the fraction of gaseous iodine generated by heating caesium iodide powder under different atmosphere composition and temperature.
The influences of the temperature and composition of the carrier gas on the vaporisation of caesium iodide were studied in previous paper and (CPC)).
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[10]. As the temperature increased, the fraction of gaseous iodine compared to the fraction of aerosol decreased (more than 80% for CsI-1 to less than 19% for CsI-2 at 650°C). In addition, at 650°C it was manifest that the total amount of gaseous iodine decreased as the amount of hydrogen in the atmosphere increased (about 10% in Ar/ H 2 O by comparison to 0.4% in presence of hydrogen). Concurrently, the mass concentration of particles increased (190 mg/m 3 in Ar/H 2 O vs 250 mg/m 3 in presence of hydrogen). Nevertheless, only a small fraction of gaseous iodine was measured in the liquid scrubber, indicating limited decomposition of caesium iodide. Second part of the experiment was dedicated to assess the behaviour of cadmium, heated in the crucible under different atmosphere composition and temperature (Cd-1, Cd-2 and Cd-3). After the experiment conducted at 400°C, the precursor was not molten and despite a reddish-brown deposit was observed strewn in the crucible at the completion of the experiment, original grey pellets were predominant. It is suspected that the temperature above the crucible did not reach 321°C, the melting temperature of cadmium, and that metallic cadmium was partially oxidized to cadmium oxide (CdO) in its beta form [37] . Oxidation of metallic cadmium in a steam-argon atmosphere (10% H 2 O) above 200°C has previously been reported by Beard et al. [32] and by Danţuş et al. [36] at 377°C.
At 650°C, all the cadmium in the crucible was vaporised. Most of the precursor condensed/deposited in the diluters and piping upstream of the sampling lines, where the gas temperature was higher than 150°C. In addition, the deposits on the stainless steel plates were different according to the presence, or absence, of hydrogen. When the carrier gas was only composed of argon and steam, dry droplets were observed on the coolest points of the plate. When hydrogen was added to the carrier gas, deposits were comparable to metallic droplets, for which the size range varies from 2 µm to 20 µm. On the several spots, which were analysed by Raman micro-spectrometry, these metallic droplets did not exhibit Raman scattering, but merely reflected the incident light. This would be consistent with the presence of pure metallic cadmium, which should not exhibit Raman scattering, except in the presence of impurities and/or absorbed molecules.
Under Ar/H 2 O atmosphere, in the main line (from 150°C to room temperature), fluffy grey deposits easily removed by nitric acid leaching were observed. In addition to these fluffy grey deposits, metallic deposits were present on the wall of the porous tube (200°C > T fluid > 150°C) under Ar/H 2 O/H 2 (10%) atmosphere. The diffraction pattern of deposits sampled in the main line from Cd-2 was identified according to powder diffraction data contained in the PDF cards Nos. 01-071-3769, 01-073-0969 and 00-005-0640. These diffraction patterns correspond to Cd (space group P6 3 /mmc, unit-cell parameters a = 2.9794, c = 5.6186 Å), Cd(OH) 2 (trigonal symmetry, space group Pm31, unit-cell parameters a = 3.496, c = 4.702 Å) and CdO (space group Fm m 3 , unit-cell parameters a = 4.694 Å), respectively. Semi-quantitative amounts were 70%, 8% and 22%, respectively. The sample from the porous tube after Cd-3 was identified as metallic cadmium.
Heating cadmium at 400°C and 650°C led mostly to the formation of particles (Table 5 ). The greatest amount of cadmium detected on sampling lines was localised on filters, gaseous cadmium representing a maximum of 20% of the overall sampling line. Although it was not possible to determine the effect of changing the atmosphere on the release of cadmium, a slight decrease of the aerosol mass concentration was observed at 650°C from condition Ar/H 2 O to condition Ar/H 2 O/ H 2 (10%). On the filters, particles were scattered. Raman analysis of particles on the filter indicated an intense and very broad band at 272 cm −1 and two bands at 731 cm −1 and 920 cm −1 on both filters, which could be assigned to CdO [39] . The observations in this study suggest that after vaporisation at both 400°C and 650°C and under Ar/H 2 O or Ar/H 2 O/H 2 (10%) atmosphere, cadmium reached the sampling lines at 125°C mainly as particles. However, the crystalline form of the deposits observed through the experimental facility when precursor was heated to 650°C indicated that the deposits resulted from a vapour condensation process rather than aerosol formation and sedimentation as observed by Beard et al. [32] . This would suggest that cadmium was mainly transported as vapours at temperatures higher than 150°C. Changing the atmosphere composition over the crucible at 650°C had an effect on the cadmium speciation. When hydrogen was present in the carrier gas, the proportion of released metallic cadmium was higher.
In the final part of the cadmium study, cadmium and caesium iodide were mixed in the crucible (Cd-4, Cd-5 and Cd-6). Because the experiment time was not the same for Cd-5 and Cd-6, it was decided to compare the amount of vaporised element per minute. The values were calculated from the difference between the initial amount in the crucible and the amount determined by leaching the crucible after the experiment. Vaporisation rates for the three elements were lower during Cd-5 than when hydrogen was present in the carrier gas in Cd-6 ( Table 6 ).
The Cs/I molar ratios in the crucible after the experiment and in the sampling lines are shown in Table 6 . The ratios determined from crucible leaching after Cd-4 were not used to support the experiment because two conditions were studied during this experiment. At 650°C the amount of caesium remaining in the crucible was higher than that of iodine (Cd-5; Cs/I = 8.87), and became even higher when hydrogen was added to the carrier gas (Cd-6; Cs/I = 37.10). Part of the released iodine during condition Ar/H 2 O is clearly not linked to caesium, and the Cd/I ratio is also affected by the condition Ar/H 2 O. Deposits were observed after Cd-5 on the coolest points of the stainless steel plate and looked like golden metallic droplets that grew with decreasing temperature (Fig. 2a) . The diffraction patterns of sample from the first diluter was identified according to powder diffraction data contained in the PDF cards Nos. 04-003-5667, 04-013-0259 and 01-078-3527. These diffraction patterns correspond to Cd, CsI (space group I 23 (T 3 )) and Cd (OH) 2 , respectively. Semi-quantitative amounts were 27%, 54% and 19%, respectively. On the filter, the diffraction patterns were identified according to powder diffraction data contained in the PDF cards Nos. 01-071-3769, 01-073-0969, 00-005-6082 and 04-005-4225, corresponding to Cd, Cd(OH) 2 , CdO and CsI (Fig. 3) , respectively. The semiquantitative amounts were respectively 71%, 5%, 19% and 5%. Some reflections referred to caesium cadmium iodide (Cs 2 CdI 4 , No. 00-037-1499) but, because the amount was very small, this identification was uncertain.
When hydrogen was added to the carrier gas (Cd-6), a significant amount of white crystals was observed all along the plate (Fig. 2b) . With two strong fundamental Raman peaks at 110.93 cm −1 and 91.449 cm −1 , the spectrum presented the same fingerprint as the Raman spectrum of the commercial caesium iodide powder recorded under similar conditions. Only caesium iodide was identified from the deposits in the diluter. The amount of aerosol collected on the filters was distinctly increased by comparison to experiments with pure compound, indicating an interaction between the simulant fission product caesium iodide and cadmium. The molar ratios determined on the filters are presented in Table 5 . The main point to notice was the amount of caesium, which was higher than that of iodine on the filters. The molar cadmium to iodine ratio was even more pronounced. From the filters, the same compounds as the ones identified from filters in the experiment under Ar/H 2 O (Cd-5) were measured with semi-quantitative analysis giving 69%, 2%, 28% and 1%, respectively. At 400°C, the total amount of gaseous iodine trapped into bubblers was almost the same as the amount trapped during vaporisation of pure caesium iodide under the same conditions (more than 80% of gaseous iodine). By contrast, at 650°C, the addition of cadmium to caesium iodide tended to increase the amount of gaseous iodine (from less than 10% for caesium iodide experiment by comparison to more than 10% in presence of cadmium) and to decrease the mass concentrations of the aerosols. The proportion of iodine in gaseous form 1 was slightly increased by addition of hydrogen (Table 5 ). The observation of caesium and cadmium in the bubbling solution could be either due to a vapour compound containing caesium and cadmium, as well as iodine, or because of a leak from the filter. The first unexpected result from the cadmium study is that Cd-I compound was not detected neither by XRD nor Raman spectrometry, even though the reaction between the two compounds has already been mentioned in the literature [21, [23] [24] [25] . However, it is important to underline that the observation of cadmium iodide CdI 2 , has previously been made after interaction between cadmium in aerosol and gaseous iodine [40] and in the current study, interaction is investigated from condensed phase.
The observation of more caesium than iodine in the crucible after the experiment, which was not noticeable after the CsI experiment, would suggest a reaction between iodine and cadmium. The detection of a higher amount of gaseous iodine and the absence of Cd-I compounds could be explained by the decomposition of the unstable Cd-I compound during the experiment. The formation and decomposition of Cd-I compounds during the heating phase under low argon flow rate cannot be excluded when the carrier gas was introduced. Another hypothesis would be the formation of CdCs 2 I 4 in the crucible. This would explain the fact that the fraction of caesium remaining in the crucible was higher than that of iodine. The decomposition of CdCs 2 I 4 on the filter would also release the gaseous iodine found in the bubbling bottle. However, as the molar enthalpy of formation of Cs 2 CdI 4 (s) was established to be −920.3 ± 1.4 kJ/mol by Ball et al. [41] , this last hypothesis is less probable.
Transport of cadmium was significantly increased by the presence of caesium iodide. 10 to 60 times more cadmium reached the sampling lines compared to the experiments performed with only cadmium. Most of the cadmium was condensed on the tube's walls before reaching the sampling lines during vaporisation of cadmium, and it was highly probable that the cadmium had condensed on caesium iodide particles, because of its lower vapour pressure. Beard et al. [42] concluded about the condensation of gaseous caesium iodide onto cadmium particles and observed a reaction at the interface to form cadmium iodide. In the present study, it seems more probable that cadmium had condensed on caesium iodide particles and there was no concrete proof of the reaction at the interface in this case.
Results of the study on silver
First set of experiments focused on studying interactions between caesium iodide and silver (Ag-1 and Ag-2). When metallic silver was added to caesium iodide at 650°C, the behaviour of caesium and iodine resembled the pure caesium iodide test conducted in the same conditions (CsI-3): the mass concentration of gaseous iodine decreased as the amount of hydrogen in the atmosphere was increased ( Table 7) . Most of the iodine in the sampling lines at 150°C was in particulate form. The amount of silver (in gaseous phase and in aerosol phase) at 150°C was low, meaning either that the formation of silver-compound was not significant in the conditions of the experiment, or that the compound condensed before the sampling lines. At 400°C, the experiment showed the predominance of gaseous iodine over aerosol iodine. Unexpectedly, mass concentrations of gaseous iodine were considerably higher than in the same experiment conducted at 650°C. As in Ag-1, a small amount of silver was present in the sampling line. Calculation of Cs/I ratios on the filter confirmed that the presence of caesium iodide particles was minor in the study at 400°C (Table 7 ; Cs/I lower than 1).
Overall, the addition of metallic silver on caesium iodide precursor did not have a significant impact on the release of gaseous iodine. However, the fraction of released gaseous iodine was higher than for the experiment performed with cadmium under the same conditions. Experiments at 400°C, with and without silver precursor mixed with caesium iodide, featured a higher fraction of gaseous iodine in the overall release. The difference observed between 400°C and 650°C was interpreted as due to the decomposition of caesium iodide rather than to a more effective reaction between silver and caesium iodide at 400°C.
Second set of experiments investigated the behaviour of silver iodide precursor (Ag-3 and Ag-4). In both experiments, the fraction of gaseous iodine increased as the amount of hydrogen in the atmosphere increased ( Table 7 ). The percentage gaseous iodine was 1.3 to 50 times higher for the carrier gas containing the higher amount of hydrogen (Ar/H 2 O/H 2 (10%)). However, although the experiment conducted at 650°C presents a decrease of aerosols containing silver with the amount of hydrogen, which is consistent with a decrease of gaseous iodine, the experiment at 400°C showed an opposite behaviour. The substantial mass concentration of aerosol iodine in condition Ar/H 2 O at 400°C may be due to an error in the analysis, because no matching amount of silver was detected on the filter. In all the experiments at 400°C, the number of particles monitored by SMPS was very low and could not be distinguished from the background. On the other hand, at 650°C, the average particle number size distributions can be drawn for the experiments (Fig. 4) . The first point to notice is the difference between the two experiments. The average size distribution from the Ag + CsI experiment was similar to the CsI experiment for condition Ar/H 2 O. The second noteworthy point was the slight drop in the particle number concentration when adding hydrogen. In the case of the Ag + CsI experiment, the average particle size increased as the amount of hydrogen increased. The opposite behaviour was observed for the AgI experiment and the CsI experiment.
Silver iodide has a higher saturation pressure than caesium iodide. Consequently, it should exist in gaseous phase at lower temperature than caesium iodide. The proportion of gaseous silver was low, as was measured by ICP-MS in the liquid traps. This would explain why there was not a lot of silver in the gas phase during sampling. The presence of gaseous iodine in the experiments with silver iodide precursor proved that the decomposition of silver iodide occurred and appeared to be more efficient under Ar/H 2 O/H 2 atmosphere. Aerosols made of silver without iodine may be formed. This is in agreement with what has already been shown by Kovács and Konings [43] , who observed the persistence of Ag in condensed phase but also pointed out that the decomposition was not total and that AgI, like (AgI) 3 , did exist.
Contrary to the case of caesium iodide, the release of gaseous iodine from silver iodide was enhanced by the presence of hydrogen. This difference could be related to the difference of solubility in water of the two compounds. Silver iodide is not soluble in water and would precipitate in aqueous aerosol droplets, whereas caesium iodide is highly soluble in water.
Conclusions
Comparing Phébus FPT2 and FPT3 test data, it was hypothesized that the control rod materials would, at least partly, explain the difference in the measured gaseous iodine fraction in the containment. The experiments presented in this paper aimed at determining and quantifying compounds released due to reactions between fission products and SIC materials on primary circuit surfaces. Possible interactions between caesium iodide and cadmium and caesium iodide and silver in condensed phase at 400°C and 650°C under different atmospheres were studied. In addition, the behaviour of silver iodide at 400°C and 650°C was investigated.
From this study, it appeared that none of these reactions led to an extensive decomposition of caesium iodide when present as a deposit at 650°C. At 400°C, the behaviour and transport of the elements was rather uncertain due to the low release rates. By comparing the influences of cadmium and silver on the transport of iodine in the studied facility, it seemed that the transport of gaseous iodine was slightly increased in the presence of silver. Experimental results showed signs of a reaction between silver and caesium iodide, although the amounts of gaseous iodine released were tripled compared with the caesium iodide vaporisation.
The transport of cadmium was clearly influenced by the presence of caesium iodide. When vaporised alone, cadmium was mainly transported as vapour and mostly condensed on the facility's walls. Therefore, it was not surprising that the caesium iodide aerosols, released in the experiments with both precursor, acted as condensation centres for the volatile cadmium vapours. By contrast, the transport of silver did not appear to be increased by the presence of caesium iodide.
When examining the influence of atmosphere composition, it was apparent that the transport of iodine, caesium and cadmium as aerosols was increased in an Ar/H 2 O/H 2 (10%) atmosphere. The decrease of gaseous iodine release with the addition of hydrogen in the carrier gas when silver was added to caesium iodide at 650°C also seemed to be related to the lower formation of caesium hydroxide and silver iodide.
By comparing how cadmium and silver affect the chemistry and transport of caesium iodide, the following observations can be made. First, the amount of gaseous iodine released at 125°C was two times higher with silver (27 mg/m 3 with cadmium vs 60 mg/m 3 with silver for vaporisation in Ar/H 2 O atmosphere at 650°C) than with cadmium 
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for an initial mass of caesium iodide similar (respectively 2. 5 g and 2 g ). In addition, the two elements showed opposite behaviour with the addition of hydrogen to the carrier gas. While the amounts of gaseous and aerosol iodine increase in presence of cadmium, they decrease in presence of silver.
